CSB, a member of the SWI2/SNF2 superfamily, has been implicated in evicting histones to promote the DSB pathway choice towards homologous recombination (HR) repair. However, how CSB promotes HR repair remains poorly characterized. Here we demonstrate that CSB interacts with both MRE11/RAD50/NBS1 (MRN) and BRCA1 in a cell cycle regulated manner, with the former requiring its WHD and occurring predominantly in early S phase. CSB interacts with the BRCT domain of BRCA1 and this interaction is regulated by CDK-dependent phosphorylation of CSB on S1276. The CSB-BRCA1 interaction, which peaks in late S/G2 phase, is responsible for mediating the interaction of CSB with the BRCA1-C complex consisting of BRCA1, MRN and CtIP. While dispensable for histone eviction at DSBs, CSB phosphorylation on S1276 is necessary to promote efficient MRN-and CtIP-mediated DNA end resection, thereby restricting NHEJ and enforcing the DSB repair pathway choice to HR. CSB phosphorylation on S1276 is also necessary to support cell survival in response to DNA damage-inducing agents. These results altogether suggest that CSB interacts with BRCA1 to promote DNA end resection for HR repair and that although prerequisite, CSB-mediated histone eviction alone is insufficient to promote the pathway choice towards HR.
INTRODUCTION
DNA double-strand breaks (DSBs), one of the most lethal forms of DNA damage, can threaten genomic integrity and promote tumorigenesis or premature aging if not repaired properly. In S and G2 cells, repair of DSBs is highly regulated to promote the choice of homologous recombination (HR) repair over nonhomologous end joining (NHEJ) (1, 2) . While NHEJ can ligate two broken ends in the absence of sequence homology and is often associated with small deletions/insertions, HR uses a sister chromatid in S/G2 as a template to repair broken DNA and thus is considered to be error free. HR requires resection of DNA at DSBs to produce 3 single-stranded DNA, which is first protected and bound by RPA and subsequently replaced by RAD51 to form RAD51-ssDNA nucleoprotein filament responsible for homology search and strand invasion (3) .
DNA end resection is initiated by the MRE11/RAD50/NBS1 complex, also known as MRN, along with its cofactor CtIP (4) (5) (6) . Both MRN and CtIP interact with BRCA1 in S/G2, forming the BRCA1/MRN/CtIP complex (4) , also referred to as the BRCA1-C complex, which is implicated in DNA end resection. BRCA1 binds phosphorylated CtIP via its BRCT domain and BRCA1-CtIP is reported to promote DNA end resection (6, 7) , perhaps by enhancing the nuclease activity of MRN required for effective end resection. BRCA1 is also reported to stimulate the speed of CtIP-mediated DNA end resection (8) although other studies have suggested that CtIP-mediated end resection can operate independently of BRCA1 (9) .
CSB, a member of the SWI2/SNF2 family, is a a multifunctional protein that participates in a wide range of cellular processes. First described for its role in transcriptioncoupled nucleotide excision repair of UV-induced DNA damage (10) , CSB is also implicated in regulating the choice of DSB repair pathways (11, 12) . CSB contains a N-terminal region, a central ATPase domain as well as a C-terminal region. A winged helix domain (WHD), which was first predicted by computational modeling (11) and subsequently confirmed via crystallography (13) , resides within the last 76 amino acids of CSB and this domain mediates recruitment of CSB to DSBs in S phase (11) . It has been reported that at DSBs, CSB removes histones from damaged chromatin, restricts RIF1-mediated NHEJ and promotes BRCA1-mediated HR (11) . However, whether CSB might play a direct role in BRCA1-mediated HR has not been characterized.
Here, we report that CSB interacts with MRN and BRCA1 independently of each other in a cell cycle regulated manner, with the CSB-MRN interaction in early S phase and the CSB-BRCA1 interaction predominantly in late S/G2 phase. We demonstrate that CSB is phosphorylated by CDK activity on S1276, located outside of the WHD. This phosphorylation mediates the CSB-BRCA1 interaction but not the CSB-MRN interaction, the latter of which requires the WHD. While dispensable for histone eviction at DSBs, CSB phosphorylation on S1276 promotes efficient BRCA1 recruitment to DSBs, which facilitates efficient MRN-and CtIP-mediated DNA end resection. Taken together, these results suggest that eviction of histones by CSB alone is insufficient to support BRCA1 recruitment and that CSB actively recruits BRCA1 to promote MRNand CtIP-mediated DNA end resection.
MATERIALS AND METHODS

Plasmids, siRNA and antibodies
Retroviral expression constructs of Myc-tagged CSB full length and CSB truncation alleles have been described (11, 12) . Wild type CSB was used as a template to generate, via site-directed mutagenesis, CSB mutants S1276A and S1276D, which were cloned into the retroviral expression vector pLPC-N-Myc (14) or mammalian expression vector mCherry-LacR-NLS (11) . The expression construct pDEST-mCherry-LacR-NLS-MRE11 was generated via Gateway (Invitrogen) using MRE11 cDNA (a kind gift from John Petrini, Sloan Kettering Institute) as a template. The expression constructs pDEST-mCherry-LacR-NLS-BRCA1 (Addgene #71115), pDEST-Flag-BRCA1 (Addgene #71117) and pcDNA5-GFP-BRCA1 (Addgene #71116) were previously described (15) . The plasmid pcDNA5-GFP-BRCA1 was used as a template for deletion-PCR to generate BRCA1-BRCT ( 1582-1863). The pcDNA5-GFP-BRCA1-BRCT (amino acids from 1582 to 1863) and pcDNA5-GFP-BRCA1-RING (amino acids from 1 to 102) were generated by amplifying the regions of interest by PCR and the resulting fragments were cloned into the EcoRI and BamHI sites of the pcDNA5-GFP vector. The BRCA1-BRCT domain was also cloned into mammalian expression pLPC-N-Flag as well as bacterial expression pGST-parallel-2 as described (16) . The primers used to generate these constructs are available upon request. siRNAs used were from Dharmacon: non-targeting siRNA (siControl; D-001206-14-05); siBRCA1 (D-003461-05); siCtIP (GCUAAAACAGGAACGAAUC) (17); siNBS1 (CCAACUAAAUUGCCAAGUA).
The rabbit polyclonal anti-pS1276 antibody was developed by LifeTein against a CSB peptide containing phosphorylated serine 1276 (KHDAIMDGA-pS-PDYVLVE) (LifeTein). Other antibodies used include MRE11/RAD50/NBS1 (18) (kind gifts from John Petrini, Sloan Kettering Institute); BRCA1 (MS110, Abcam); BRCA1 (07-434, Millipore); CtIP (ab70163, Abcam); RAP80 (A300-763A, Bethyl Laboratories); CSB (A301-354A, Bethyl Laboratories); CSB (553C5a, Fitzgerald); ␥ -H2AX (Milipore); RIF1 (sc55979, Santa Cruz); Myc (9E10, Calbiochem); Flag (F3165, Sigma); H2A (ab18255, Abcam); H2B (ab1790, Abcam); mCherry (NBP2-25157, Novus Biologicals); ␥ -tubulin (GTU88, Sigma).
Cell culture, transfection, retroviral infection and treatment
All cells were grown in DMEM medium with 10% fetal bovine serum supplemented with non-essential amino acids, L-glutamine, 100 U/ml penicilin and 0.1 mg/ml streptomycin. Cell lines used: hTERT-RPE parental and CSB knockout (12) , Phoenix (14) , U2OS (19) (ATCC), U2OS-265 (20) (a kind gift from Roger Greenberg, University of Pennsylvania), U2OS-265-CSB knockout (KO) (11), 293T (ATCC), HCT116 (Life Technology), HCT116-CSB-KO (11), AID-DIvA-U2OS (21) (a generous gift from Gaëlle Legube, University of Toulouse). Parental cells were examined for mycoplasma contamination. Retroviral gene delivery was carried out as described (22, 23) to generate stable cell lines. DNA and siRNA transfections were carried out with respective JetPrime ® transfection reagent (Polyplus) and Lipofectamine RNAiMax (Invitrogen) according to their respective manufacturer's instructions.
To induce expression of FokI, U2OS-265 or U2OS-265-CSB-KO cells were treated with both 1 M Shield-1 (Chem-inPharm) and 1 M 4-hydroxytamoxifen (4-OHT, Abcam) for 4 h.
Generation of AID-DIvA-U2OS CSB knockout (KO) cells CRISPR/Cas9 genome editing of CSB
CRISPR/Cas9-mediated gene targeting to generate two independent AID-DIvA-U2OS CSB KO clones (KO-1 and KO-2) was done as described (11) .
Cell synchronization, immunoprecipitation and immunoblotting
Cell synchronization was done as described (11) . Immunoprecipitation (IP) was carried out as described (11) . Immunoblotting was done as described (18, 19) .
In vivo DNA end resection assays
AsiSI-induced DNA end resection assays were carried out essentially as described (24) with minor modifications. AID-DIvA-U2OS WT, CSB-KO and CSB-KO complemented with various CSB alleles were seeded in 24-well plates in triplicate. Twenty-four hours later, cells were treated with 1 M 4-hydroxytamoxifen (4-OHT, Sigma) for 4 h or indicated hours to induce DSBs. Subsequently genomic DNA was isolated using the Gentra Puregene Cell Kit (Qiagen) according to the manufacturer's protocol. Genomic DNA was then digested with 20 units of BsrG1 (NEB), BamHI (NEB) or HindIII (NEB) overnight at 37 • C. Real-time PCR (qPCR) was performed in duplicate for each sample using primers and probes as described (24) . The percentage of ssDNA (ssDNA%) was calculated based on the following equation: ssDNA% = 1/(2dCt-1 + 0.5) × 100. The value for dCt was calculated by subtracting the Ct value of the mockdigested sample from the Ct value of the digested sample.
To quantify the amount of AsiSI-induced DSB1 and DSB2 sites on chromosome 1, qPCR was performed with the mock-digested sample and primers flanking these two sites as described (24) . The Ct values from AsiSI sites were then normalized to the Ct values from a HindIII site (also designated as NO DSB) on chromosome 22 using the ddCt method, giving rise to the percentage of AsiSI-induced DSBs.
In vivo assays of histone occupancy at a I-PpoI-induced DSB
ChIP and I-PpoI-induced DSB assays were carried out as described (11) . Primers for real-time PCR were as described (11) . Each qPCR product of the I-PpoI locus on chromosome 1 was first normalized to that from input DNA as internal control and then normalized to the corresponding ChIP efficiency. The y-axis in figures displaying ChIP results represents the relative occupancy normalized to the untreated control.
Immunofluorescence and quantification of protein recruitment to FokI-induced DSBs
Immunofluorescence (IF) was performed as described (12, 14) . All cell images were recorded on a Zeiss Axioplan 2 microscope with a Hammamatsu C4742-95 camera and processed in Open Lab.
To quantify recruitment of RAP80, BRCA1, MRE11, RAD50, NBS1, CtIP or RIF1 to FokI-induced DSBs, fixed cells were co-immunostained with respective primary antibody in conjunction with ␥ H2AX. The ␥ H2AX signal was used to mark the area of FokI-induced damage and the intensity of respective aforementioned proteins within the marked area was measured. Their intensity marked by ␥ H2AX was normalized respectively to their intensity of the same size area but away from the FokI-induced damage site in the same nucleus, giving rise to normalized signal intensity. All images for a given experiment were captured on the same day with the same exposure time. All analyses were carried out on unmodified images with ImageJ software (NIH). Data were represented as scatter plot graphs with the mean indicated. P values were derived using a twotailed Mann-Whitney test.
Recombinant BRCA1-BRCT protein and in vitro pulldown assays
Production of GST-fused BRCA1-BRCT domain carrying amino acids from 1582-1863 was carried out essentially as described (16, 25) with minor modifications. Induction of GST-BRCA1-BRCT was carried out overnight with 1 mM isopropylthiogalactoside at room temperature. The cell pellet was resuspended in lysis buffer [25 mM Tris-HCl pH7.4, 1 M NaCl, 1 mM dithiothreitol and 1 mM EDTA] and lysed by sonication. Triton X-100 was then added to 1% and the lysate was shaken at 4 • C for 30 min. Following centrifugation, the supernatant was incubated with a 50% slurry of glutathione-Sepharose 4B (GE Life Sciences) overnight at 4 • C. Bound protein was eluted with 10 mM reduced glutathione in buffer containing 50 mM Tris-HCl (pH 8.0) and 1 mM dithiothreitol, subsequently dialyzed against a buffer containing 500 mM KCl, 20 mM HEPES pH 7.9, 20% glycerol and 3 mM MgCl 2 , followed by flash-freezing and storage in aliquots at -80 • C.
For in vitro pulldown assays, 100 l dry Strep-Tactin Sepharose beads (iba, Cat# 2-1201) was conjugated to 25 g CSB peptide carrying either S1276 (Biotin-KHDAIMDGASPDYVLV, LifeTein) or phosphorylated S1276 (Biotin-KHDAIMDGApSPDYVLV, LifeTein) in 900 l PBS/0.02% Tween for 2 h. Bead were washed four times with 1 ml PBS/0.02% Tween and resuspended in 100 l PBS. Pull down assays were performed with 20 l dry beads with no peptide, nonphosphorylated or phosphorylated CSB peptide and 1 g recombinant GST-BRCA1-BRCT protein in 500 l of PBS/0.02% Tween for 1 h at 4 • C. Beads were washed four times with 1 ml of PBS/0.02% Tween and resuspended in 40 l of SDS sample buffer. GST-BRCA1-BRCT was visualized by western blotting with a homemade anti-GST antibody.
Clonogenic survival assays
Clonogenic survival assays were done as described (12) .
Statistical analysis
A Student's two-tailed unpaired t test was used to derive all P values except for where specified.
RESULTS
CSB supports efficient recruitment of the BRCA1-C complex to DSBs
RAP80 of the BRCA1-A complex and MRN of the BRCA1-C complex are implicated in recruiting BRCA1 to DSBs (26) (27) (28) (29) . To investigate if CSB might regulate recruitment of RAP80 and MRN to DSBs, we first employed a pair of reporter cell lines U2OS-265 wild type (WT) and CSB knockout (KO), which allow measurement of recruitment of proteins to FokI-induced DSBs. Loss of CSB not only abrogated its own recruitment (as expected) but also impaired BRCA1 recruitment to FokI-induced DSBs ( Figure S1A -S1C), in agreement with previous findings (11, 12) . Loss of CSB also impaired recruitment of MRE11/RAD50/NBS1 and CtIP to FokI-induced DSBs ( Figure 1A , 1C-1F, Supplementary  Figure S1C and S1D). On the other hand, RAP80 recruitment to FokI-induced DSBs was not compromised but instead increased in U2OS-265 CSB-KO cells ( Figure 1A and 1G). To further substantiate the role of CSB in regulating MRN to DSBs, we examined IR-induced damage foci of MRE11 and NBS1 in two isogenic cell lines hTERT-RPE WT and CSB-KO (12) . Loss of CSB impaired IR-induced MRE11 and NBS1 foci formation (Supplementary Figure  S1E and S1F). We have previously reported that loss of CSB impairs IR-induced BRCA1 foci formation (12) . These results altogether suggest that CSB promotes efficient recruitment of the BRCA1-C complex to DSBs. 
CSB interacts with the BRCA1-C complex
To investigate if CSB might interact with the BRCA1-C complex, we returned to the reporter U2OS-265 CSB-KO cell line, which also allows for analysis of protein-protein interactions of endogenous proteins with CSB fused to mCherry-LacR at the lac operator array. The use of U2OS-265 CSB-KO cells was meant to minimize any interference in analysis of protein-protein interactions from endogenous CSB. Overexpression of mCherry-LacR-CSB in U2OS-265 CSB-KO cells led to an accumulation of endogenous BRCA1, MRE11/RAD50/NBS1 and CtIP but not RAP80 at the lac operator array (Figure 2A -2E, Supplementary Figure S2A and S2B), indicative of an interaction between CSB and the BRCA1-C complex. To investigate if the chromatin remodeling activity of CSB might drive the accumulation of the BRCA1-C complex at the lac operator array, we turned to two CSB mutants, one being CSB car-rying a ATPase-dead W851R mutation and the other being CSB lacking the first 30 amino acids (CSB-30), both of which have been reported to be defective in chromatin remodeling (11) . While mCherry-LacR-CSB-W851R failed to recruit BRCA1 to the lac operator array, mCherry-LacR-CSB-30 was fully competent in doing so (Supplementary Figure S2C ). These results suggest that a defect in chromatin remodeling activity per se is unlikely the sole reason behind the inability of mCherry-LacR-CSB-W851R to recruit BRCA1 to the lac operator array. We have previously reported that the ATPase domain of CSB is engaged in intramolecular interactions with both of its N-and Cterminal regions (30) . Perhaps the W851R mutation alters the conformation of CSB, resulting in its inability to interact with BRCA1.
To further substantiate the interaction of CSB with the BRCA1 complex, we performed a series of coimmunoprecipitation (coIP) experiments. CoIPs revealed that exogenously-expressed Myc-CSB brought down endogenous BRCA1, RAD50, NBS1 and CtIP but not RAP80 in U2OS-CSB-KO cells ( Figure 2F ). BRCA1 and RAD50 were also brought down by an antibody against endogenous CSB with or without 10 Gy IR ( Figure 2G , the left panel). Although loss of CSB did not affect BRCA1 expression, coIPs with an anti-CSB antibody highly enriched BRCA1 from HCT116 WT cells compared to HCT116 CSB-KO cells ( Figure 2G , the middle panel), indicating that the CSB-BRCA1 interaction is specific. The CSB-BRCA1 interaction was not affected by treatment with DNase I, suggesting that it is not mediated by DNA ( Figure 2G , the right panel). Reverse IPs with either anti-MRE11 or anti-BRCA1 antibodies brought down CSB with or without 10 Gy IR ( Figure 2H and 2I ). The addition of ethidium bromide did not affect the interaction of CSB with BRCA1 and MRE11
( Figure 2J and 2K), supporting the notion that their interaction is not mediated by DNA. Taken together, these results reveal that CSB interacts with the BRCA1-C complex and that this interaction is independent of the presence of DNA damage.
CSB interacts with MRN and BRCA1 in a cell cycle regulated manner
To further investigate the interaction of CSB with the BRCA1-C complex, we knocked down BRCA1, NBS1 and CtIP one at a time in U2OS-265 CSB-KO cells expressing mCherry-LacR-CSB ( Figure 3A ). IF analysis revealed that knockdown of BRCA1 abrogated its own accumulation, drastically reduced CtIP accumulation but had little effect on NBS1 accumulation at the lac operatory array in U2OS-265 CSB-KO cells expressing mCherry-LacR-CSB ( Figure 3B and Supplementary Figure S3A -S3C). Knockdown of NBS1 severely reduced not only its own but also MRE11 accumulation, moderately compromised CtIP accumulation but had little impact on BRCA1 accumulation at the lac operatory array in U2OS-265 CSB-KO cells expressing mCherry-LacR-CSB ( Figure 3C and Supplementary Figure S3A -S3D). Knockdown of CtIP did not affect accumulation of MRE11 and NBS1 but led to an increase in BRCA1 accumulation at the lac operator array in U2OS-265 CSB-KO cells expressing mCherry-LacR-CSB ( Figure   3D and Supplementary Figure S3A-D) , the latter of which was unlikely due to any effect of CtIP depletion on the level of BRCA1 expression ( Figure 3A ). BRCA1 is known to bind CtIP. Perhaps depletion of CtIP might have freed up additional BRCA1 that interacted with CSB at the lac operator array, contributing to the observed increase in BRCA1 recruitment to the lac operator array in CtIP-depleted cells. Experiments described in Figure 3B -3D were not done at the same time, which might have contributed to the observed variations in the percentage of siControl-expressing cells exhibiting BRCA1, CtIP and MRN at the lac operator array. Taken together, these results suggest that CSB interacts with BRCA1 and MRN, either of which may mediate the interaction of CSB with the BRCA1-C complex.
To gain further insights into the interaction of CSB with the BRCA1-C complex, we examined the dynamics of recruitment of endogenous BRCA1, MRE11, NBS1 and CtIP to the lac operator array in synchronized U2OS-265 cells overexpressing mCherry-LacR-CSB. The interaction of CSB with MRE11 and NBS1 went through a rise-fall-rise cycle at the lac operator array. Recruitment of both MRE11 and NBS1 by mCherry-LacR-CSB to the lac operator array started as synchronized cells were released into S phase ( Figure 3E ). This recruitment reached the first peak at 2 h post release from a double thymidine block and then declined drastically ( Figure 3E ). After bottoming out at 6 h post release, the recruitment of both MRE11 and NBS1 by mCherry-LacR-CSB recovered quickly and reached the second peak 8 hr post release ( Figure 3E ). On the other hand, the interaction of CSB with BRCA1 did not go through such a rise-fall-rise cycle. Instead, recruitment of BRCA1 by mCherry-LacR-CSB to the lac operator array started as synchronized cells were released into S phase, continued to rise gradually throughout the S/G2 phase and peaked at 8 h post release, a time point when both MRE11 and NBS1 were observed to reach the second highest accumulation at the lac operator ( Figure 3E ). The recruitment of CtIP to the lac operator array followed a similar dynamics to that of BRCA1 ( Figure 3E ). These results altogether suggest that CSB interacts with MRN and BRCA1 in a cell cycle regulated manner.
This notion was further supported by coIP analysis with synchronized cells collected 1, 2 and 8 h post release. The CSB-NBS1 interaction was visible at 1 h post release, substantially enriched at 2 h post release and then decreased at 8 h post release ( Figure 3F ). The CSB-BRCA1 interaction was not detectable at 1 h post release ( Figure 3F ). Compared to the IgG control, this interaction was barely enriched at 2 h post release but visibly enriched 8 h post release ( Figure 3F ). These results suggest that the CSB-MRN interaction in early S cells occurs independently of the CSB-BRCA1 interaction in late S/G2 cells. These results further imply that the CSB-BRCA1 interaction is responsible for the interaction of CSB with the BRCA1-C complex in late S/G2 cells.
CSB interacts with MRN and BRCA1 via distinct regions, with the former requiring the WHD
To investigate if a particular domain of CSB might be engaged in its interaction with MRN and BRCA1, we separately fused MRE11 and BRCA1 to mCherry-LacR and examined their ability to recruit Myc-CSB carrying either a N-terminal deletion (CSB-N) or a C-terminal deletion (CSB-C) ( Figure 4A ) to the lac operator array. While the N-terminal domain of CSB was dispensable for its interaction with either MRE11 or BRCA1, the C-terminal region of CSB was necessary for its interaction with MRE11 and BRCA1 ( Figure 4B and 4C, Supplementary Figure  S4A and S4B). Either a partial or a complete deletion of the WHD domain severely impaired CSB interaction with MRE11 but it had no or mild effect on the interaction of CSB with BRCA1 ( Figure 4B and 4D, Supplementary Figure S4A and S4C ). We also examined the requirement of the WHD for the interaction of CSB with BRCA1 and MRE11 via coIPs. For unknown reasons, Myc-CSB-WHD exhibited a higher level of nonspecific binding to IgG than Myc-CSB ( Figure 4E and 4F ). Nevertheless, compared to the IgG control, coIPs with an anti-BRCA1 antibody but not an anti-MRE11 antibody substantially enriched Myc-CSB-WHD ( Figure 4E and 4F) . Taken together, these results suggest that CSB interacts, via two separate regions of its Cterminal region, with MRN and BRCA1 and that the WHD mediates the CSB-MRN interaction.
BRCA1 interacts with CSB via its BRCT domain
To investigate if a particular domain of BRCA1 might mediate its interaction with CSB, we co-expressed mCherry-LacR-CSB with various GFP-fused BRCA1 alleles either being full length (FL), lacking the BRCT domain ( BRCT), carrying the BRCT domain alone or the RING domain alone in U2OS-265 CSB-KO cells. While both GFP-BRCA1-FL and GFP-BRCA1-BRCT were recruited to the lac operator array, neither GFP-BRCA1-BRCT nor GFP-BRCA1-RING was recruited to the lac operator array ( Figure 4G and Supplementary Figure S5A ), suggesting that BRCA1 interacts with CSB via its BRCT domain. The BRCT domain of BRCA1 is known to directly bind phosphorylated serine (pSer) (31, 32) . S1655 is a key residue in the BRCA1-BRCT domain that bonds with pSer and thus we examined if S1655 might mediate the interaction of BRCA1 with CSB. IF analysis revealed that unlike Flag-BRCA1, Flag-BRCA1 carrying a S1655A mutation failed to interact with mCherry-LacR-CSB at the lac operator array in U2OS-265 CSB-KO cells ( Supplementary Figure S5B and S5C ). In addition, coIP analysis revealed that the S1655A mutation abrogated the ability of the BRCA1-BRCT domain to interact with CSB ( Figure 4H ), indicative of a role of phosphorylation in mediating the CSB-BRCA1 interaction. These results altogether demonstrate that the BRCT domain of BRCA1 is necessary and sufficient for its interaction with CSB.
CSB phosphorylation on S1276 mediates its interaction with the BRCT domain of BRCA1
Two quantitative phosphoproteomics studies have identified that CSB is phosphorylated on serine 1276 (S 1276 P) (33, 34) , which matches the consensus motif pS/TP for CDKs. In addition, S1276 also resides in the region of CSB required for its interaction with BRCA1. Therefore we investigated if S1276 phosphorylation might regulate the CSB-BRCA1 interaction. Western analysis with a phospho-S1276 (pS1276) antibody detected Myc-CSB but not Myc-CSB carrying a S1276A mutation immunoprecipitated from HCT116 CSB-KO cell lysates ( Figure 5A ), confirming that CSB is phosphorylated on S1276 in vivo. Western analysis of Flag-CSB immunoprecipitated from synchronized 293T cell lysate revealed an enrichment in the level of S1276 phosphorylation in cells 6 h and 9 h post release from a double thymidine block ( Figure 5B and 5C ). Furthermore, CSB phosphorylation on S1276 was also sensitive to CDK1 inhibitor CGP74514A ( Figure 5D and 5E) . These results suggest that CDK activity regulates S1276 phosphorylation of CSB.
CoIPs revealed that while Myc-CSB interacted with BRCA1, Myc-CSB carrying a non-phosphorylatable S1276A mutation was severely defective in bringing down BRCA1 ( Figure 5F ). The S1276A mutation also impaired the ability of mCherry-LacR-CSB to recruit BRCA1 to the lac operator array in U2OS-265-CSB-KO cells ( Figure 5G and Supplementary Figure S5D) . These results suggest that S1276 phosphorylation mediates the CSB-BRCA1 interaction. CSB carrying a phosphomimic S1276D mutation was defective in interacting with BRCA1 in both coIP and IF analysis ( Figure 5F and 5G ), suggesting that S1276D does not recapitulate S1276 phosphorylation for mediating the CSB-BRCA1 interaction. We also investigated if S1276 phosphorylation might mediate the interaction of CSB with the BRCA1-BRCT domain. IF analysis revealed that while mCherry-LacR-CSB readily recruited GFP-BRCA1-BRCT to the lac operator array in U2OS-265-CSB-KO cells, mCherry-LacR-CSB-S1276A was defective in doing so ( Figure 5H and Supplementary Figure S5E ). CoIPs further confirmed that the S1276A mutation impaired the interaction of Myc-CSB with Flag-BRCA1-BRCT ( Figure 5I ), suggesting that CSB phosphorylation on S1276 mediates its interaction with the BRCA1-BRCT domain.
To further investigate if the BRCA1-BRCT domain might bind directly to phosphorylated S1276 of CSB, we incubated bacterially-expressed recombinant GST-fused Nucleic Acids Research, 2019, Vol. 47, No. 20 10687 BRCA1-BRCT and biotinylated CSB peptide with or without chemically-phosphorylated S1276. Although we detected an interaction between GST-BRCA1-BRCT with biotinylated CSB-pS1276 peptide, this interaction was not enriched compared to that of GST-BRCA1-BRCT with biotinylated CSB peptide without S1276 phosphorylation ( Figure 5J ). Analysis of surface plasmon resonance (SPR) also did not reveal any enrichment in binding of GST-BRCA1-BRCT with pS1276-containing CSB peptide (Y. Coulombe and J.Y. Masson, unpublished data). These results suggest that although S1276 phosphorylation mediates the CSB-BRCA1 interaction, pS1276 of CSB is not a direct binding target of BRCA1-BRCT.
CSB phosphorylation on S1276 is dispensable for its chromatin remodeling activity at DSBs
CSB has been previously reported to evict histones from chromatin flanking DSBs to promote HR (11) . To investigate if CSB phosphorylation on S1276A might regulate its chromatin remodeling activity at DSBs, we generated inducible ddI-PpoI-expressing hTERT-RPE CSB KO cells stably expressing the vector alone, Myc-CSB wild type and Myc-CSB carrying a S1276A mutation ( Figure 6A ). Analysis of histone occupancy revealed that Myc-CSB-S1276A behaved like Myc-CSB, fully restoring I-PpoI-induced loss of H2A and H2B from the I-PpoI cleavage site on chromosome 1 in CSB KO cells, ( Figure 6B and 6C ), suggesting that CSB phosphorylation on S1276 is dispensable for its chromatin remodeling activity at DSBs.
CSB phosphorylation on S1276 promotes efficient recruitment of the BRCA1-C complex to DSBs
We observed that depletion of BRCA1 did not affect Myc-CSB recruitment to FokI-induced DSBs in U2OS-265 cells ( Figure 6D and 6E ), suggesting that CSB functions upstream of BRCA1. In agreement with this notion, a S1276A mutation did not affect Myc-CSB recruitment to FokIinduced DSBs (Figure 6F and 6G) . To investigate if CSB phosphorylation on S1276 might mediate BRCA1-C recruitment to DSBs, we transfected U2OS-265-CSB-KO cells with the vector alone, Myc-CSB or Myc-CSB-S1276A. While overexpression of Myc-CSB rescued recruitment of BRCA1, MRE11 and CtIP to FokI-induced DSBs, Myc-CSB-S1276A failed to do so ( Figure 7A-7C and Supplementary Figure S6A-S6C ). We also examined IR-induced damage foci of BRCA1 and MRE11 in hTERT-RPE-CSB-KO cells complemented with either the vector alone, Myc-CSB or Myc-CSB-S1276A. While Myc-CSB rescued IRinduced foci formation of BRCA1 and MRE11, Myc-CSB-S1276A failed to do so ( Figure 7D and 7E) . These results suggest that CSB phosphorylation on S1276 is necessary to promote efficient recruitment of BRCA1-C to DSBs.
Earlier we have shown that the CSB-MRN interaction in early S phase occurs independently of the CSB-BRCA1 interaction ( Figure 3E and 3F) . To investigate if the defect in the ability of Myc-CSB-S1276A to rescue MRE11 recruitment to DSBs might have arisen from a defect in its interaction with MRN in early S phase, we examined the effect of the S1276A mutation on the interaction of mCherry-LacR-CSB with MRE11 at the lac operator array in synchronized U2OS-265-CSB-KO cells. IF analysis revealed that although defective in recruiting MRE11 in late S/G2 cells, mCherry-LacR-CSB-S1276A was fully competent in recruiting MRE11 to the lac operator array in early S phase ( Figure 7F ). On the other hand, the S1276A mutation impaired the ability of mCherry-LacR-CSB to recruit BRCA1 in S/G2 cells ( Figure 7G ). Taken together, these results suggest that BRCA1 mediates the interaction of CSB with the BRCA1-C complex in late S/G2 cells. These results further imply that a defect in the CSB-BRCA1 interaction is responsible for the inability of Myc-CSB-S1276A to promote efficient recruitment of BRCA1-C complex to DSBs.
CSB phosphorylation on S1276 limits RIF1 at DSBs in S/G2 cells
We observed that Myc-CSB-S1276A failed to suppress NHEJ-promoting factor RIF1 accumulation at FokIinduced DSBs in U2OS-265-CSB-KO cells ( Figure 7H and Supplementary Figure S6D ). To further investigate the role of S1276 phosphorylation in limiting RIF1, we examined IR-induced RIF1 foci formation in hTERT-RPE-CSB-KO cells expressing the vector alone, Myc-CSB or Myc-CSB-S1276A. The S1276A mutation abrogated the ability of Myc-CSB to suppress IR-induced RIF1 foci formation in cyclin A-positive hTERT-RPE-CSB-KO cells (Figure 7I ), suggesting that CSB phosphorylation on S1276 restricts RIF1 at DSBs in S/G2 cells. Previously we have reported that CSB interacts with RIF1 in early S phase (11) . Formally it was possible that the inability of CSB-S1276A to limit RIF1 at DSBs might have resulted from a gain in its interaction with RIF1 in late S/G2 phase. Therefore we investigated the effect of a S1276A mutation on the interaction of mCherry-LacR-CSB with RIF1 at the lac operator array in synchronized U2OS-265-CSB-KO cells. mCherry-LacR-CSB-S1276A behaved indistinguishably from mCherry-LacR-CSB in interacting with RIF1 at the lac operator array, predominantly in early S phase and drastically diminished in late S/G2 cells ( Figure 7J ). These results suggest that it is unlikely that CSB phosphorylation on S1276 limits RIF1 at DSBs in S/G2 through controlling the CSB-RIF1 interaction.
CSB phosphorylation on S1276 promotes DNA end resection and cell survival in response to treatment with olaparib and CPT
AID-DIvA-U2OS, a well-established cell line with inducible expression of a restriction enzyme AsiSI that cuts the human genome (21) , has been used to directly quantify ssDNA generated by 5' end resection at two AsiSI-induced DSBs on chromosome 1 (21,24) (DSB1 and DSB2, Supplementary Figure S7A ). We knocked out CSB via CRISPR-Cas9 in this cell line and generated two independent CSB knockout clones (CSB-KO-1 and CSB-KO-2) (Supplementary Figure S7B ). Knockout of CSB did not affect the efficiency of AsiSI-induced DNA cleavage at DSB1 and DSB2 (Supplementary Figure S7C and S7D) . Analysis of qPCR assays with three different sets of primers on digested genomic DNA revealed that the generation of ssDNA in AID-10688 Nucleic Acids Research, 2019, Vol. 47, No. 20 DIvA-U2OS wild type cells was evident at respective positions 335 nt and 364 nt from DSB1 and DSB2 but less so at a greater distance away from the cleavage sites, starting to appear 1 h post induction of AsiSI and continuing to rise throughout a period of 4 h we monitored (Supplementary Figure S8A and S8B), in agreement with previous finding (24) . At 4 h post induction of AsiSI, the amount of ssDNA generated at positions 335 nt and 364 nt from DSB1 and DSB2 was respectively reduced by ∼25% and ∼26% in AID-DIvA-U2OS CSB-KO-1 cells and ∼42% and ∼30% in AID-DIvA-U2OS CSB-KO-2 cells (Supplementary Figure  S8A and S8B) . No accumulation of ssDNA was observed in the absence of AsiSI induction (Supplementary Figure  S8C) . These results demonstrate that CSB promotes efficient DNA end resection.
To investigate the role of S1276 phosphorylation in DNA end resection, we generated AID-DIvA-U2OS CSB-KO-1 cells stably expressing the vector alone, Myc-CSB or Myc-CSB-S1276A. The expression of Myc-CSB-S1276A was comparable to that Myc-CSB ( Figure 8A ). While overexpression of Myc-CSB fully rescued the amount of ss-DNA generated at positions 335 nt from DSB1 in AID-DIvA-U2OS CSB-KO-1 cells, Myc-CSB-S1276A failed to do so ( Figure 8B ), suggesting that CSB phosphorylation on S1276 promotes efficient MRN-and CtIP-mediated DNA end resection, a key step in HR repair. In support of this notion, Myc-CSB-S1276A also failed to rescue IR-induced foci formation of RPA32 ( Figure 8C ), a readout for ssDNA. In addition, clonogenic survival assays revealed that overexpression of Myc-CSB-S1276A failed to suppress either the sensitivity of U2OS-CSB-KO cells to the PARP inhibitor Nucleic Acids Research, 2019, Vol. 47, No. 20 10691 olaparib, known to be toxic to cells defective in HR, or the sensitivity of hTERT-RPE-CSB-KO cells to campothecin (CPT), a topoisomerase I inhibitor ( Figure 8D and 8E) . These results altogether suggest that CSB phosphorylation on S1276 is necessary to support HR repair.
DISCUSSION
We have previously reported that CSB evicts histones from chromatin surrounding DSBs, restricting RIF1 but promoting BRCA1 at DSBs (11) . However, whether eviction of histones by CSB alone might be sufficient for channelling BRCA1-mediated HR repair of DSBs has not been characterized. The work presented here has revealed that CSBmediated histone eviction and BRCA1 recruitment represent two distinct steps in CSB-regulated DSB repair ( Figure  8F ) and that CSB-mediated histone eviction alone is insufficient to promote HR repair of DSBs. We have shown that CSB interacts with BRCA1 in late S/G2 and that this interaction is dependent upon the BRCT domain of BRCA1 and S1276 phosphorylation of CSB. Our data suggest that the CSB-BRCA1 interaction actively promotes recruitment of the BRCA1-C complex to DSBs for DNA end resection. Our finding that disrupting the CSB-BRCA1 interaction sensitizes cells to olaparib and camptothecin further highlights the importance of this interaction in HR repair.
We have shown that the WHD of CSB interacts with MRN in early S phase. The significance of the CSB-MRN interaction in DSB repair is unknown, but is likely distinct from the BRCA1-mediated CSB-MRN interaction in late S/G2. Previously it has been reported that the WHD of CSB also mediates its interaction with RIF1 and that this interaction is required for CSB recruitment to DSBs in early S phase (11) . We have observed that depletion of NBS1 impaired CSB recruitment to FokI-induced DSBs (N.L. Batenburg and X.-D. Zhu, unpublished data). Future studies would be required to investigate how MRN and RIF1 might coordinate to recruit CSB to DSBs.
We have shown that pS1276 of CSB is not a direct binding target of BRCA1-BRCT. S1655, located in the BRCA1-BRCT domain, is implicated in binding pSer (35) . Our finding that a S1655A mutation abolishes the interaction of BRCA1-BRCT with CSB suggests that BRCA1-BRCT might bind a yet-to-be identified pSer of CSB. Alternatively, the interaction of CSB with BRCA1 might be mediated by a yet-to-be identified bridging factor.
Previously we have reported that CSB is phosphorylated by CDK on S158 in late S/G2 and that this phosphorylation is required for histone eviction at DSBs (11) . While a S158A mutation has been reported to impair BRCA1 recruitment to DSBs and DNA end resection (11), a S158A mutation was not observed to affect the interaction of CSB with BRCA1 (N.L. Batenburg and X.-D. Zhu, unpublished data), which agrees with our finding that the N-terminal region of CSB is dispensable for its interaction with BRCA1 ( Figure 4C ), suggesting that CSB-mediated histone eviction is a prerequisite for CSB-directed recruitment of BRCA1-C to DSBs for DNA end resection. The work presented here has revealed S1276 of CSB as a second target site of CDK. Our current finding that a S1276A mutation does not affect CSB-mediated histone eviction but impairs its interaction with BRCA1 of the BRCA1-C complex suggests that although prerequisite, CSB-mediated histone eviction is not sufficient to support efficient recruitment of BRCA1-C to DSBs. Taken together, these results underscore a crucial role of CDK activity in fine-tuning CSB to coordinate and to ensure these two activities of CSB at the correct time for HR. We envision a model in which histone eviction by CSB precedes active recruitment of BRCA1 by CSB to DSBs albeit the timing of these two steps are tightly linked via CDK activity in late S/G2 ( Figure 8F ). CDK-dependent phosphorylation of S1276 mediates the CSB-BRCA1 interaction, which promotes recruitment of the BRCA1-C complex to DSBs ( Figure 8F ). Subsequent initiation of DNA end resection by MRN and CtIP enforces HR as the pathway choice of DNA DSB repair. Previously, we have reported that the CSB-S158A mutant is defective not only in evicting histones but also in suppressing RIF1 accumulation at DSBs in S/G2 cells (11) . In this report, we have shown that a S1276A mutation of CSB does not affect histone eviction but is defective in suppressing RIF1 accumulation at DSBs in S/G2 cells. These findings suggest that both CSB-mediated histone eviction and CSB-directed BRCA1 recruitment are essential to limit RIF1-mediated NHEJ at DSBs in late S/G2 cells and that disrupting one of them leads to misregulation in DSB repair pathway choice.
